A novel CNT-based hybrid luminescent material was obtained via encapsulation of a C 60 -based Eu(III) complex into single-, double-and multi-walled carbon nanotubes (SWCNTs, DWCNTs and MWCNTs, respectively). Specifically, 10 a luminescent negatively-charged Eu(III) complex, electrostatically bonded to an imidazolium-functionalized fullerene cage, was transported inside CNTs by exploiting the affinity of fullerenes for the inner surface of these carbonaceous containers. The filling was performed under supercritical CO 2 (scCO 2 ) conditions to facilitate the entrapment of the ion-paired assembly. Accurate elemental, spectroscopic and morphological characterization not only demonstrated the efficiency of the filling strategy, but even the occurrence of a nano-ordering of the 15 encapsulated supramolecular luminophores when SWCNTs were employed. Preliminary confocal microscope imaging studies showed that these hybrids could have some potential for diagnostic applications.
Introduction
Along with an increase of the available methodologies for their manipulation, [1] and the development of atomic-resolution 20 visualization techniques, mainly high-resolution transmission electron microscopy (HRTEM), [2] current efforts in carbon nanotube (CNT) [3] research are directed towards the study and exploitation of their porous properties. Indeed, CNTs can be employed as nano-containers, nano-reactors, or as fillable 25 conductive nano-vessels, able to give rise to advanced hybrid graphitic materials utilizable in electronic devices. [4] The feasibility of the entrance of guest molecules within the inner channel of CNTs relies on the favorable establishment of a range of interactions between the "guest" molecules and the 30 "host" CNTs, [5] amongst which van der Waals forces often appear to be predominant. [6] These are maximized when the host-guest complex occurs between CNTs and related graphitic materials, [7] such as fullerenes, e.g. C 60 and C 70. In fact, the common nature of the two materials, together with the perfect geometrical match of 35 the shape of a fullerene and the inner nanotube surface of singlewalled CNTs (SWCNTs), results in a spontaneous encapsulation. [8] The use of CNTs as templating nano-containers has recently started to draw attention as a possible strategy for the synthesis of 40 novel highly organized photonic materials. It is well established that the emission properties of a chromophore, in terms of color and intensity, are extremely sensitive to the environment. [9] Encapsulation of luminophores within a protective "cage" (i.e. CNTs) might hence grant a sheltering effect from hostile reactive 45 species, as Yanagi et al. demonstrated with the encapsulation of β-carotene within SWCNTs, [12] allowing longer-lasting luminescence performances of the hosted molecules. Furthermore, molecular confinement in such a restrained space might induce a well-ordered mono-dimensional molecular 50 arrangement, potentially characterized by unique emission a Dr. L. Maggini properties. At present only a relatively limited number of luminescent guests have been successfully inserted inside CNTs and their light emitting properties investigated.
[13] Among these, a prime example of the templating action of CNTs on internalized luminescent molecules has been described for the encapsulation 5 of coronenes in SWCNTs. [14] [15] Lanthanide β-diketonate complexes (LnCs) [16] are among the most investigated rare earth coordination compounds. Regrettably, despite their exceptional luminescent properties, their low thermal and photochemical stability, [17] together with 10 their tendency to aggregate undergoing quenching interchromophoric interactions, often limit their utilization in electroluminescent devices. Taking advantage of several scaffolding materials, attempts to enhance the mechanical properties of LnCs have been accomplished. [16, [18] [19] In a collaborative effort, we first 15 reported a simple and straightforward methodology to prepare LnC-CNTs hybrids by direct adsorption of a neutral Eu(III)-based LnC onto oxidized single-walled CNTs (ox-SWCNTs) via hydrophobic interactions, obtaining a strongly emitting composite in which the structural and electronic properties of both 20 constituents remained preserved.
[20]
Since then, different approaches to blend CNTs and LnCs have been reported. [21] [22] [23] [24] Among these, our group specifically developed new exohedral supramolecular functionalization methodologies with Eu(III)-based complexes. [25] [26] [27] In particular, by means of electrostatic 25 interactions, negatively charged Eu(III) complexes were used to positively decorate charged multi-walled CNTs (MWCNTs) forming stable and luminescent hierarchized architectures.
Intrigued by the possibility of exploring the effect of encapsulation on the luminescent output of LnCs, we have 30 recently tackled the filling of MWCNTs with a neutral and hydrophobic tris-hexafluoro acetylacetonate Eu(III) complex, using the nano-extraction methodology. [28] Dismally, the asprepared hybrid resulted in poor loading and consequently displayed weak emission properties. Hence, with the aim to 35 improve both the filling load and the luminescence of the resulting hybrid material, we decided to exploit the unique CNT-C 60 interaction to vehiculate LnCs inside CNTs. Inspired by the "nano-carriers" approach as developed by Khlobystov et al. [29] who demonstrated the effectiveness of using fullerenes as 40 vehicles for inserting transition metal complexes inside SWCNTs, we also decided to use C 60 to facilitate and direct the entrance of the LnC within the carbonaceous cavity. To pursue our goal, we selected the bright tetrakis(2-naphtoyltrifluoro-acetonato) Eu(III) complex ([EuL 4 ]·NEt 4 ) [18a,30] 45 as a guest molecule. This negatively charged compound is known from literature to efficiently interact with imidazolium-based ionic liquids (ILs) [25, [31] [32] of the luminescent module within the CNTs, but, more interestingly, it should also control the nano-structuration within the channel of CNTs with the fullerene moieties of each encapsulated assembly pointing in the same direction, insulating the LnCs. The C 60 -based assembly was then employed in a 60 supercritical CO 2 (scCO 2 ) induced encapsulation procedure inside single-, double-and multi-walled CNTs (SWCNTs, DWCNTs and MWCNTs) in order to test the difference in encapsulation efficiency as a result of changing the nanotube structure (number of graphitic layers, diameter of the inner channel, to name a few).
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Comprehensive characterization was carried out with X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA) to determine the elemental and quantitative composition of the hybrids and high-resolution transmission electron microscopy (HRTEM) to unravel the structural 70 morphology. Attenuated total reflectance infrared (ATR-IR) and photoluminescence studies (PL) were used to study the spectroscopic properties of the encapsulated hybrids. Preliminary in-vitro cellular uptake studies using a confocal microscope have also been performed.
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Results and discussion
Synthesis
The C 60 -based positively charged nano-carrier (1·Br) was synthesized as shown in Scheme 1. Initially, C 60 was subjected to 80 a 1,3-dipolar cycloaddition reaction in the presence of the azidofunctionalized imidazolium-based ionic liquid 5. The latter was synthesized starting from ethyl-imidazolium, which was first alkylated with 5-bromo-pentanol, affording the oxydrilated derivative 3. 95 diffusivity, approaching that of the gas phase. [33] Among these, supercritical CO 2 (scCO 2 ) revealed to be particularly efficient for preparing peapods, [34] [35] and for this reason we have decided to use scCO 2 as a solvent in the preparation of this luminescent hybrid. [36] Prior to the encapsulation reaction, CNTs were 100 oxidized [37] to remove their endcaps. Subsequently, the carbonaceous species were annealed in air at 570 °C for 20 minutes to remove any carboxylic groups that could hamper the efficient insertion of the nano-carrier. Encapsulation was finally performed at 50 °C and 150 bar for 96 hours, followed by 105 extensive washing by CH 2 Cl 2 to remove any 1·[EuL 4 ] physisorbed on the external wall of the CNTs (Fig. S1 , S.I.).
Qualitative and quantitative characterization of the hybrid material
The elemental composition of the synthesized modified peapods was firstly assessed by XPS analysis. As shown in Table 1 (see also Fig. S2-3 4 ]@DWCNTs the TGA plot revealed two thermal decomposition events. The first event, starting at around 400 °C, is assigned as decomposition of the encapsulated LnC. The second event, beginning at 550 °C, is the result of the decomposition of the 25 carbon materials: namely the CNT framework and the encapsulated C 60 . This assignment is in agreement with previously reported TGA observations for encapsulated Eu(III) complex and fullerene peapods, for which the entrapped material resulted characterized by a higher combustion temperature, as 30 compared to the free species because of the shielding effect of the CNTs sidewalls. [25, 38] Before discussing the extent of the weight Table 2 ). 4 ]@MWCNTs only presented a trivial, yet detectable, weight loss episode.
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Morphological characterization
The structure of the resultant endohedral hybrid material was investigated via high-resolution transmission electron microscopy 20 (HRTEM). During the analysis, the energy of the electron beam (e-beam) was lowered to avoid knock-on damage caused by the collision of electrons from the e-beam with the atoms of the sample. However, decomposition of 1·[EuL 4 ] was observed even at 100 kV, often causing just partial visualization of the complex. 25 However, significant amounts of material were observed within the internal channel of both MWCNTs and DWCNTs ( the nano-carriers appear tightly agglomerated and clustered. The consistant presence of Eu(III) ions within the DWCNTs, highlighted by the detection of dark spots in the HRTEM images, was also confirmed via energy dispersive X-ray (EDX) spectroscopy. Nevertheless, in this sample some Eu metal clusters 35 were also detected, probably formed by complex decomposition followed by free metal atoms agglomeration (Fig. 2c ). More interestingly, 1·[EuL 4 ]@SWCNTs exhibited distinct organization. Indeed, several fullerene cages were observed within the internal cavity of SWCNTs characterized by an 40 internal diameter equal or higher than 2.7 nm (Fig. 3) , which corresponds to the minimum diameter required for containing 1·[EuL 4 ] (Fig. 3e) . In smaller tubes, mainly naked C 60 units were detected. This phenomenon can be explained by taking into account the diameter and the lack of flexibility of the Eu(III) 45 complex. Indeed, 1·[EuL 4 ] shows a critical diameter of 2.4 nm and is too large to fit within standard SWCNTs (diameter typically around 1.4 nm). In this case, the complex is not able to adjust its conformation in order to squeeze in these tubes, and as it is predicted that the energy gained from the fullerene part of the 50 complex entering the nanotube is significantly larger than the electrostatic interaction holding the "nano-carrier" together, the supramolecular complex will dissociate, with the Eu component stripped off from the fullerene cage (Fig. S8 , S.I.). Similar phenomena were previously reported for fullerene metal 55 complexes which are too large to fit within SWCNTs. [40] Nevertheless, several 1·[EuL 4 ] were found in wider than average 4 ] assemblies were observed along the same tube, it was evidenced that the orientation of the single assembly was coherent with that of the others, proving the efficient role of the C 60 as directing agent in the encapsulation procedure. Moreover, a certain degree of 15 regularity in the spacing between the units could be observed, indicating isolation of the luminophores within the structure by C 60 cages of neighbouring molecules thus preserving their luminescent properties by preventing parasite inter-chromophoric quenching phenomena.
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Spectroscopic characterization of the hybrid
While electron microscopy reveals the encapsulated species, it is still important to exclude the presence of adsorbed 1·[EuL 4 ] on the nanotube surfaces in order to unambiguously assign the spectroscopic features of the encapsulated molecules. Attenuated 25 total reflectance infrared (ATR-IR) spectroscopy was therefore performed to exclude the presence of exohedrally adsorbed material in the hybrid structures ( Fig.4 ; see also Fig. S9 , S.I.). In fact, it has been previously shown [36] that ATR spectroscopy on CNT hybrids does not detect encapsulated species, but only 30 adsorbed ones. Thus the lack of the ATR signals of 1·[EuL 4 ], demonstrates the absence of adsorbed assemblies on the external surface in the purified hybrids. We conclude that the majority of the Eu(III) derivative present in the sample is inside the nanotubes. 35 Photophysical characterization (PL) of the encapsulated hybrids, 1·[EuL 4 ]@CNTs, was hence accomplished in the solid state. As displayed in Figure 5 , upon exciting the investigated 1·[EuL 4 ]@CNTs samples at 375 nm (see Fg. S10, S.I.), the typical emission spectrum of the Eu(III) ion, characterized by 40 several emission features between λ = 570 and 700 nm, [36] The effect of the different packing motifs is further observable following the emission quantum yields and lifetimes. In fact, along the series from SWCNTs to MWCNTs, the hybrids result characterized by increasingly lower emission quantum yields and 5 shorter excited state lifetimes compared to reference 1·[EuL 4 ] (see Table 3 ). This trend could be rationalized by again considering the organization of the luminescent assemblies imparted by the inner nanotube diameter. In fact, inside large SWCNTs the resultant 1·[EuL 4 ] assemblies were well-preserved 10 and separated, which was not the case inside DWCNTs and MWCNTs. The more chaotic filling of their internal channel leads to the instauration of indiscriminate interactions between several C 60 cages and a single Eu(III) complex, causing, as already demonstrated in a previous paper, [25] (Fig. 2c ).
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In-vitro cellular uptake study using a confocal microscope 4 ]@SWCNTs, and the blue color to the emission of the employed nuclear stain (DAPI). These images clearly denote that the biological media in which it has been dispersed does not quench the luminescence of the 40 hybrid, and the luminescence signal remains clearly detectable even upon internalization in the cell. The hybrid appears as small agglomerates dispersed in the cytoplasm surrounding the DAPIstained nucleus, as previously reported for Okazaki's coronene hybrid, possibly indicating a phagocytosis internalization 45 mechanism in which the hybrid remains trapped in lysosomes. [14] 
Conclusions
In conclusion, we have successfully driven the encapsulation of Eu(III) complexes in CNTs, by designing and synthesizing a C 60 -appended ionic liquid nano-carrier. This approach allowed us not 50 only to increase the filling ratio within thinner tubes, namely single and double-walled CNTs, but also to control the organization of the chromophores within the tubular framework. Photophysical investigations showed that the entrapment in different CNTs causes a different degree of emission quenching. 55 The luminescent materials have been injected in cells, and their emission detected by confocal imaging. In the future, appropriate organic functionalization of the external carbon wall, Entry for the Coupling constants (J) were given in Hz. Resonance multiplicity was described as s (singlet), d
(doublet), t (triplet), dd (doublet of doublets), dt (doublet of triplets), q (quartet), m (multiplet) and br (broad signal). Carbon spectra were acquired with a complete decoupling for the proton. 
Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR).
Attenuated total reflectance (ATR) investigations in the infrared range (400-4000 cm -1 ) were
performed on pristine and functionalized samples. For the measurements a Bruker Tensor 37 spectrometer was used with a Bruker Helios ATR-attachment employing a single-bounce germanium ATR crystal, with spectral resolution 1 cm -1 . Spectra were taken on the samples as received, no further sample manipulation was applied. All measured samples were in powder form. All measurements were completed in ambient conditions, each sample studied at 3-4 different spots (spot size 250 µm 2 ). HRTEM analysis was performed on a JEOL-2100F TEM microscope with a resolution limit of 0.2 nm.
The imaging conditions were carefully tuned by lowering the accelerating voltage of the microscope to 25 100 kV and reducing the beam current density to a minimum in an attempt to minimise the electron beam induced damage of the sample. EDX spectra were recorded for small bundles of nanotubes (3-10 tubes) on a JEOL 2100F TEM equipped with an Oxford Instruments X-rays detector at 100 kV.
Photoluminescence measurements (PL).
Steady-state emission and excitation spectra were recorded phosphate-buffered saline protocols, the HeLa cells were fixed with paraformaldehyde and finally stained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) for 1 min.
Confocal imaging. Cell samples were imaged using a Zeiss LSM-710 microscope (Carl Zeiss), using an excitation laser at 405 nm. (2-naphthoyltrifluoro-acetonato) 
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